Fast, dynamic or energy efficient locomotion of bipeds is still an unsolved problem in robotics. Nature seems to have solved many of the arising difficulties in thousands of years of evolution, optimizing both mechanics and control along the way. This paper proposes to use techniques from numerical optimization and optimal control combined with behavior-based control concepts to address some of the problems when designing and controlling two-legged robots. Results from the optimization process will affect both the mechanical construction and the control strategies.
Introduction
Speed, efficiency and stability of biological bipedal walking and running is still unparalleled by contemporary bipedal robots, despite all the technological progress made in past decades. The observation of biological motions leads to the conjecture that nature does apply optimization -not only when changing the properties of populations in the course of evolution, but also in the development of characteristic motion patterns of each individual. One key feature of biological motion is that it fits naturally to the system itself and to its kinematical and dynamic quantities, and that no un-natural motion is imposed that would result in inefficiency or increased need for stability control. Another important characteristic of nature is the exploitation of elasticity in the passive tissue and in the actuators themselves in order to enhance efficiency and stability of the system.
The goal of the research presented here is to apply the same kind of optimization that nature applies in the process of designing, building and controlling a bipedal running robot. A methodology, based on dynamical multibody system models and efficient numerical optimization techniques has been developed that assists during all stages of the robot's construction and behaviour-based control design -starting at the earliest prototype design and component selection, and ending only when the robot has acquired the capability to perform the desired motions efficiently. In this paper, all steps of the methodology are described and it is shown how it has been applied to design a leg prototype to be used in a running biped. To control the robot, a behavior-based reflex network is designed based on results from the optimization and knowledge on neuro-motor control in nature. Optimization is also used to increase the exploitation of elasticity in the system by adequately designing springs for the running motion. In current research, this same methodology is to be applied in the design and construction of the full biped robot.
Other projects focusing on dynamic locomotion of bipeds include the research on the robot Lucy, where elasticity is included in form of pneumatic muscles [1, 2] . Another project working on dynamic walking and running is the Rabbit robot. Questions examined include stability of posture or robustness against external forces [3] . The benefits of self-stabilizing systems are exploited in the field of passive-dynamic walking. With robots like Denise or Meta from the University of Delft it is examined how actuation can be included to this concept [4, 5] .
Methodology: Optimization-based design and control of robots and components
Inspired by nature, a methodology for designing and controlling robots and robot components based on dynamic models of the robotics system and efficient state-of-the-art optimization techniques has been developed. The proposed methodology requires a frequent interaction and exchange of results between the computational and the experimental side. The following steps are taken:
(1) Specify a preliminary mechanical design, including dynamical properties of material, include ranges of characteristics of motors and other components. Define the desired form of locomotion (i.e. walking, running, hopping, type of ground etc.)
(2) Create a dynamic model for this initial construction and the desired locomotion, include all realistic constraints in the model (3) Optimize this model with design and control parameters as free variables (4) Modify design according to results from optimization (5) Iterate 2-4 if necessary (6) Integrate optimal control results into a generalizing behavior-based control scheme (7) Build the prototype and implement the control (8) Validate by comparing the results from the prototype with those from the simulated model
Experimental Setup
As described in the previous section, the first step of the proposed methodology is to develop an initial design for the robot. To verify the feasibility of the methodology in the framework of this initial study, instead of directly investigating a full biped, a single, jumping leg is started with. Jumping on the spot is an extremely dynamic, periodic movement putting high demands on the mechatronical design and the control, this way providing meaningful evidence on the quality of the proposed method. The experimental setup of the prototype leg on the treadmill is shown in figure 1(b) . The leg has an active hip and knee joint with one rotary degree of freedom each. Being fixed to a linear vertical slider, it can perform vertical motions in the hip. Each of the joints is powered by a non-retardant drive composed of a d/c motor with low ratio gear allowing for a freely moving joint and thus for less mechanical stress and more time to react to disturbances.
The knee joint is supported by a spring mounted in parallel to the drive with fixed equilibrium position. This newly designed pneumatic, rotatory spring (see fig. 1 (a)) has the advantage that it can produce high torques and the stiffness can be adjusted by changing the working volume using switchable separations including valves (for more details, see [6] ). A custom-made load cell in the lower limb allows measuring of the force in leg length direction (z-axis) and the torques around the x-and y-axis during impact and stance phase. The overall weight of the prototype sums up at about 12kg. This initial construction forms the starting point for the subsequent optimization process. Several of the mechanical design parameters are defined as free variables for the optimization. 
Mathematical Model, Optimal Control Problem Formulation and Solution
Setting up a mathematical model of the leg is step (2) of the above methodology. A rigid multibody system model of the prototype leg has been established including all free design parameters p and free input quantities u(t) driving the system (in this case the torques produced at hip and knee). The model of this leg performing a running -or rather hopping -motion on this leg results in a hybrid dynamical system involving both continuous phases (flight and contact) and discrete model phases (discontinuous touchdown event). Choosing the three coordinates hip height y, absolute angle of upper leg α u , and relative angle of lower leg φ l , we obtain a set of differential equations of forṁ
for the flight phase with x T = (y, α u , φ l ,ẏ,α u ,φ l ) T and differential algebraic equations for the contact phasė
The touchdown discontinuity is described by
Starting points τ j of new phases do generally not explicitly depend on time, but are implicitly defined by the roots of switching functions
The periodic hopping cycle considered in the model starts in the flight phase at the highest point, goes through the rest of of the flight phase, the touchdown discontinuity, contact phase, and then the first part of the flight phase until the cycle is completed. Periodicity constraints are formulated on all state variables x(0) = x(T ), where the cycle time T and all phase times are free variables. Realistic constraints are imposed on all design parameters, controls and states.
Step (3) of the methodology consist in determining optimal motions for this model. This results in solving the following multi-phase optimal control problem:
s. t. model eqns. (1)/ (2) and (4) + addl. equality and inequality constraints
Problems of this form can efficiently be solved by optimization techniques based on the direct boundary value problem approach using multiple shooting [7] [8] [9] . This technique involves a discretization of both state and control variables transforming the optimal control problem into a nonlinear programming problem (NLP) with simultaneous simulation for the evaluation of objective function and constraints. For an application of these methods to hybrid gait problems and required extensions if stability is used in the objective function, see [10] .
Optimization Results for Prototype Leg
The goals of the optimization runs performed for the prototype leg were
• to determine if the original leg design and the initial choice of components would be adequate to preform the desired hopping motion (with a desired hopping height of 20-30 cm, and at least 10 cm) • if this was not the case, to establish a better setup, parameters and actuation patterns • to identify which modifications are most crucial in improving the performance of the leg • to evaluate the use and the best design of the pneumatic rotary spring in order to exploit spring elasticity to produce more efficient hopping.
Since the prototype leg only moves on the the test rig, stability has not been considered in the optimization at this point. The optimal control problem formulations aimed at finding periodic hopping motions that maximize jumping height under different conditions. In a first series of optimization runs we have determined the dependency of the maximum hopping height on the average torque limits and the peak torque limits in the knee and the hip for a first set of design parameters of the prototype leg. The results in figure 2 show that an average torque limit of 20-30 Nm and a peak torque limit of 40 -50 Nm are required. For the choice of a maximum average • the maximum stretching angle of the leg: the more the leg can be stretched, the higher is the jump, but the possibility to overstretch the leg at the knee only leads to slight increases of the hopping height, see figure 3 • the maximum bending angle of the leg: this has a significant influence, see figure 3, should be at least 100 deg, more than 160 deg is not useful
• the maximum pressure in the pneumatic spring has a major influence on the hopping height (see figure 4) . In this case, three different average torques have been investigated, and we found that with a maximum pressure of 30 bar, even an average torque of 13.6 Nm was sufficient to produce a jumping height of 25 cm. Pressures of .... in the spring are realistic. In addition, we have investigated the effect of a treadmill on the hopping height. Not too surprisingly, having to produce an additional forward or backward motion while joint torques are subject to the same constraints, results in a reduced hopping height. With an maximum average torque of 20 Nm, the prototype leg only is able to lift off for treadmill speeds up to ≈ 1.2m/s After all these initial computations that served to evaluate the original prototype design some necessary modifications have become obvious (compare step (4) of the methodology) such as the introduction of gears with higher ratios in hip and knee in order to be able to produce the high torques required for the desired motions. These resulted in additional masses that were taken into account in a new set of computations performed subsequently. With limits of average torques at 27.2N m and 17.0N m for knee and hip, and limits of peak torques at a factor 2.5 respectively a maximization of jumping height resulted in the state variable and control histories shown in figure 5 . The jumping height was 13.5cm. The resulting parameters of the optimally designed pneumatic spring, in which it best supports the computed target motion, were 1.88bar initial pressure, a compartment partition at 185 deg, and a spring zero position at −12.5 deg. 
Behavior-based Control of Prototype and Experimental Results
After optimizing the initial construction in several iterations, a suitable control must be conceived (step (6) of the methodology). Beside the optimal mechanical parameters, the optimization process also provides optimal control trajectories for the motion aimed at in the undisturbed case. Those trajectories can directly be used as open-loop control strategy in hope the real robot does not differ to much from the modeled one. This way a oneon-one comparison between the optimal control results and real prototype is possible. The second strategy is to derive a reflex control. The optimal control trajectories are analyzed to find generalized reflexes that produce similar control output in the undisturbed case, but also give reasonable results with arising external disturbances. The selection of reflexes is also influence by knowledge on neural control from biology. This control is realized as behaviour-based network.
In previous works, a framework for the development of behaviour-based robot control has been designed that has been successfully used on many different machines (see e.g. [11] ). It consists of a network of reflexes or behaviors. Besides the sensor input e that is transformed to the control values u by the transfer function F , each behavior has a special motivation input ι and two meta information outputs a and r that state the current activity and target rating and are used for behavior-coordination with fusion nodes. The basic behavior module is shown in figure 6 . Figure 7 shows the resulting reflex network. The set posture reflex guarantees as slightly flexed leg stance for stable standing and secure landing after the flight phase. During ground contact the hip torque is reduced by the relax hip reflex similar to what can be seen in the optimal control trajectories. This also reduces mechanical restraint. To achieve enough acceleration to take off, the knee joint has to be bend sufficiently, which is done by the prepare jump reflex after touching the ground. Finally, the push off reflex produces full torque in the knee and hip joint as soon as the knee is bended far enough to produce maximum acceleration. The control flow, the fusion nodes and the inhibiting connections can be taken from figure 7.
As the finishing of the real prototype leg is still pending, the behaviorbased control is tested in a dynamics simulation environment. The activities of the reflexes during one jumping cycle can be seen in figure 8 . Despite no explicit cyclic behavior like an oscillator being present, the leg shows periodic jumping with nearly exactly the same cycle duration as was calculated as optimal by the optimization process. The control shows robust behavior to disturbances, e.g. sudden changes to the ground height. Figure 9 shows the resulting joint angles and the upper body position. The ground contact force is also plotted to show the points in time when the leg is hitting the ground, is slightly bouncing back, resting on the ground and finally lifting off. The resulting trajectories are similar to those predicted by the optimization calculations. The pneumatic spring always produces a certain torque as the equilibrium position is set to an negative angle and the spring is pre-stretched. The slider position shows a lift-off height of about 5cm.
Extensions of Methodology to Bipedal Running
Our ultimate goal is to apply the described methodology to construct a bipedal running biped. The use of the prototype leg in this context was twofold:
• to test the methodology of optimization-based design • to manufacture a first component that might serve as a basis for the future bipedal robot. The target configuration of the running biped has nine bodies (trunk, shanks, thighs, feet and arms) resulting in 11 degrees of freedom if motions are restricted to the sagittal plane. We have already established the bipedal model and produced first optimization results for energy-efficient running at different speeds, using human-like geometries and mass distributions. One of these optimized motions is shown in figure 10 .
In our computations, all model parameter ranges as well as torque limits etc. will be adapted to the technical restrictions of robotics components as soon as we enter the design phase of this robot. For the computations and the design of the bipedal running robot, stability and robustness of the motion play a crucial roles, in addition to the goal of moving efficiently at certain speeds. We therefore also include open-loop stability and robustness as optimization criteria for the biped computations.
Our latest biped optimizations have shown that it is possible to achieve stable running without feedback for human-like model parameters, and we therefor expect that we will also be able to heavily exploit natural stability by correctly designing the biped. Detailed descriptions of the bipedal robot model and the optimization results are given in two other publications currently in preparation.
Outlook
After validating the methodology with the prototype leg, the concept will be continually extended to two-legged systems. The design of a reflex network for a biped robot has already been started. The development and control of biped prototypes with increasing complexity including elastic elements will be the next steps.
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